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Abstract
This paper presents a post-Keynesian ecological macro model that combines
three strands of literature: the directed technological change mechanism devel-
oped in mainstream endogenous growth theory models, the ecological economic
literature which highlights the role of green innovation and material flows, and
the post-Keynesian school which provides a framework to deal with the demand
side of the economy, financial flows, and inter– and intra–sectoral behavioral
interactions. The model is stock-flow consistent and introduces research and
development (R&D) as a component of GDP funded by private firm investment
and public expenditure. The economy uses three complimentary inputs – La-
bor, Capital, and (non-renewable) Resources. Input productivities depend on
R&D expenditures, which are determined by relative changes in their respective
prices. Two policy experiments are tested; a Resource tax increase, and an in-
crease in the share of public R&D on Resources. Model results show that policy
instruments that are continually increased over a long-time horizon have better
chances of achieving a “green” transition than one-off climate policy shocks to
the system, that primarily have a short-run affect.
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1. Introduction
In 2009, OECD countries signed the Green Growth Deceleration in a bid to
achieve higher growth while simultaneously tackling issues of resource use and
emissions (OECD 2011). Several policy instruments, including green research
and development (R&D), green innovation, higher taxes on fossil fuels, and green
energy subsidies, were introduced to achieve the climate targets (OECD 2015).
This technological change-led approach was more holistic in nature in terms of
its impact on employment, inequality, growth, and the environment. It was also
significantly different from the standard market-based solutions that were purely
focused on reducing the carbon footprint, for example the EU emissions trading
scheme (EU-ETS), which have come under severe criticism for not achieving the
desired climate targets (Muuˆls et al. 2016).
In economics, the linkages between technological change and growth are not
new. Technological change in mainstream models is introduced as either exoge-
nous or endogenous (Lo¨schel 2002; Jaffe et al. 2003; Popp et al. 2010). Exoge-
nous technological change models are derived from the Solow framework (Solow
1956), where technologies are assumed fixed, or a linear function of time. Nord-
haus’ DICE model (Nordhaus 1994), extends the Solow model to incorporate
emissions and their feedback affects on the real economy. The DICE framework
has been significantly extended to a large pool of models, known as Integrated
Assessment Models (IAMs), that are ubiquitous in policy planning (IPCC 2012,
2016), despite facing criticisms for their over-simplified assumptions including an
exogenous technological change parameter (Smulders and Maria 2012; Pindyck
2013). A more recent group of models make use of the endogenous growth the-
ory framework (Romer 1990; Acemoglu 2002; Gillingham et al. 2008), where
technological change is endogenized on variables other than time, for example,
output, investment, R&D, with the aim of explaining what causes technological
change and how it can be “directed” towards certain policy outcomes. A key
hypothesis behind these models is Hick’s directed technological change hypoth-
esis (Hicks 1932) which states that inputs with rising costs will see higher R&D
investment to improve productivity resulting in reduced costs. For example,
persistent labor productivity gains can be partially explained by rising wages
(Acemoglu 1998, 2002). In climate economics, endogenous growth theory mod-
els focus in identifying policy instruments, for example taxes, subsidies, R&D
investment, that allow for transitioning from a “brown” to a “green” economy
(Jaffe et al. 2003; Popp et al. 2010; Acemoglu et al. 2012; Smulders and Maria
2012). These models also has a growing body of supporting empirical literature
that evaluates these policy instruments (see Popp et al. 2010 for a review of
relevant empirical literature).
While the endogenous technological change literature has contributed sig-
nificantly towards the understanding of the implications of various policy in-
struments, they suffer from three key weaknesses that we aim to address in this
paper.
First, several endogenous technological change models discuss inputs as one
bundle where a green input can fully substitute a brown input set (Lo¨schel
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2002; Jaffe et al. 2003; Popp et al. 2010). For example, green energy can fully
substitute brown energy. Little or no discussion takes place on innovation in
individual complimentary inputs, for example Labor and Capital, which are
competing for limited financial resources for productivity gains. Empirically,
labor, the most expensive input, has seen the highest investment levels in labor-
saving technologies which explain why labor productivity has been constantly
rising over the past few decades (OECD 2016). Second, investment decisions
are assumed to be made in a world with perfect foresight where all transitions
are smoothly financed since savings and investment should equal in the long-
run (Popp et al. 2010). With stagnated growth, and high uncertainty in both
financial and real markets, investment levels on the whole have fallen post-2008
financial crisis (Parliament 2016) and even more so in the green sectors which is
perceived as high risk by the financial sector (Batten et al. 2016; Battiston et al.
2017; Monasterolo and Raberto 2017). This also implies lower overall private
(Fisher-Vanden and Sue Wing 2008) and public (Requate 2005; OECD 2015)
R&D investment. Third, mainstream models glean over the role of the state
(Jaffe et al. 2003). It either does not enter the models at all, as in the case of
IAMs, or in the case of endogenous growth models, plays a temporary role in
providing the right market signals in the short-run (Popp 2002). Since emissions
are a global negative externality, the state needs to plays a key role in achieving
overall societal welfare maximization over a long time horizon. This for exam-
ple, can include compensating underinvestment in R&D programs, correcting
market signals and correcting environmental externalities (Popp et al. 2010).
Recent policies in high income countries also signal increased long-term sus-
tained public commitment to green investment that might be crucial to achieve
a green transition (OECD 2015) where the state itself plays the role of an inno-
vator (Mazzucato 2013). For example in the EU, the public R&D investment
was recently increased from 1.5% to 2% of total GDP and is expected to be
increased to 3% by 2020 (EU 2014).
In addition to the mainstream models, two non-mainstream schools have
recently emerged as providing alternative pathways of achieving a green econ-
omy. The Ecological Economics school discusses the role of planetary boundaries
(Rockstro¨m et al. 2009), inter-linkages between environmental-human systems
(Steffen et al. 2015), and the transformation of societies (Scrieciu et al. 2013),
while challenging the market-based solutions ubiquitous in IAMs (Spash 2012).
The post-Keynesian school highlights the role of demand formation, income dis-
tribution, the role of finances and financial flows, and inter-sectoral interactions
(Rezai and Stagl 2016) but, so far, has contributed little to directly modeling
the economic-environmental system (see Hardt and O’Neill 2017 for a review
of existing models) and has not fully incorporated endogenous technological
change.
The contribution of this paper is that it synthesizes three strands of liter-
ature: the directed technological change mechanisms developed in mainstream
endogenous growth theory models, the ecological economic literature which
highlights the role of green innovation and resource use, and the post-Keynesian
school which provides a framework to deal with the demand side of the economy,
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financial flows, and inter– and intra–sectoral behavioral interactions. A post-
Keynesian ecological macro model is presented in this paper where finances are
fully tracked in a closed monetary and stock-flow consistent (SFC) framework.
The SFC framework has several key advantages. It ensures that money is fully
tracked across different sectors of the economy – Households, Firms, Banks, and
the Government – in a zero-sum game to ensure consistency of accounting rules.
This allows for feedback loops across different sectors which can give insights
about potentially negative consequences of “green” environmental policies.
We extend a standard SFC model to include private R&D as a function
of firms investment decisions, and public R&D as part of the government ex-
penditure. Price signals inform decisions to invest across three inputs – Labor,
Capital, and (non-renewable) Resources – resulting in productivity gains, which
affect costs and prices, eventually feeding back across the economy through pri-
vate and public demand signals. The model has a simple but vital state sector.
We conservatively assume that governments aim at a balanced budget in the
medium term achieved through a sales tax adjustment. Governments have a
target R&D-to-GDP investment ratio as part of public expenditure policy. The
two key environmental policy instruments then are the resource tax and the
share of public R&D spent on improving resource productivity. We report sev-
eral policy experiments to illustrate the model dynamics. First, as a benchmark
we report effects of an exogenous wage rate increase to show how endogenous
technical change gets triggered. Then perform two environmental policy ex-
periments: a direct resource tax increase, and an autonomous increase in the
share of public R&D on resources. Model results show that policy instruments
that are continually increased over a long-time horizon have a better chance
of achieving a green transition than large one-off climate policy shocks to the
system, that primarily have a short-run affect.
The remaining paper is structured as follows. Section 2 reviews the litera-
ture, highlighting differences in mainstream environmental economics, ecological
economics, and post-Keynesian economics. Section 3 discusses the broad model
details, and Section 4 presents results from three experiments. Section 5 con-
cludes. Full model description and parameter values are presented in Appendix
A and Appendix B respectively.
2. Literature
The model we present relates to three strands of literature. The first strand
deals with the developments in the mainstream growth models, which are supply-
side driven, their application to climate change, and their treatment of techno-
logical change as both exogenous and endogenous (Lo¨schel 2002; Jaffe et al.
2003; Popp et al. 2010). The second strand deals with recent debates in ecologi-
cal economics, which persistently question the market-based solutions to climate
change problems (Ashford and Hall 2011), and push for a better integration of
planetary boundaries in models (Rockstro¨m et al. 2009). The third strand deals
with recent developments in post-Keynesian economics that allow for better in-
tegration of behavioral, financial, and distributional aspects (Rezai and Stagl
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2016), with recent attempts at integrating finance and the environment (Monas-
terolo and Raberto 2017; Dafermos et al. 2017), but has so far little to say on
supply-side constraints and endogenous technological change (Kronenberg 2010;
Fontana and Sawyer 2013, 2016).
2.1. Mainstream environmental economics
Technological change in mainstream economics is modeled either as exoge-
nous or endogenous. Exogenous growth models assume either a fixed technol-
ogy parameter or technology as a decreasing function of time (Grimaud and
Rouge 2008). A commonly referenced exogenous technological change model is
Nordhaus’ DICE model (Nordhaus 1992, 1994) which builds a calibrated en-
vironmental damage component, comprising of emissions and temperature on
top of the standard Solow model (Solow 1956). The model solves an inter-
temporal optimization problem to estimate the price of carbon which corrects
for the environmental externality. Variations of this model form the broadly
known Integrated Assessment Models (IAMs), are frequently used in climate
policy analysis (IPCC 2012, 2016). Exogenous technological change is simple to
implement, and results are usually unique solutions which are relatively easier
to derive, but fail to discuss the direction and level of causality of technologi-
cal change, and whether this relationship stay stable over time (Smulders and
Maria 2012; Pindyck 2013).
Gillingham et al. (2008) and Popp et al. (2010) summarize the application of
endogenous technological change (Kennedy 1964; Binswanger and Ruttan 1978;
Romer 1990) in climate change models and discuss factors other than time, for
example prices, investment levels, R&D, and taxes, can affect the level and di-
rection of technological change. The literature suggests that by incorporating
these variables, the welfare effects can be correctly captured, allowing policy-
makers to devise the right market signals which can result in a “green” transi-
tion. At the core of these models is the directed technological change hypothesis
(Hicks 1932), which suggests that inputs that become relatively more expensive
will see a higher level of investment to achieve productivity gains. Therefore,
by modifying the price signals, the economy can be “directed” towards a de-
sired policy outcome. This, for example, includes making brown inputs more
expensive, which spurs higher investment, improving productivity, or directly
improving productivity through direct higher R&D investment (Acemoglu 2002;
Popp 2006; Sue Wing 2006).
The model that is the closest to our representation of the economy is Gri-
maud and Rouge (2008). The Grimaud and Rouge (2008) model assumes two
complimentary green and brown inputs, cost-based markup pricing, and ana-
lyzes the role of brown taxes and green R&D subsidies on the overall economy.
Results show that economies are brown technology-biased in the short-run and
green technology-biased in the long-run. The key difference of our approach
is that we do not assume an infinite time horizon, where the exhaustible non-
renewable resource would simply not exist resulting in a natural transition to
“back-stop” green technologies. Additionally, in Grimaud and Rouge (2008), the
level of the tax and R&D subsidies do not affect the decision-making process
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of the firms, and they even suggest a reduction in taxes on brown technology
to slow down the extraction of non-renewable resources to reduce emissions.
Furthermore, their model assumes that households preferences determine the
policy options and if households are indifferent to emissions, the social planner
will simply stick to the business-as-usual scenario. Lastly, their model does not
factor in the role of finance and financial constraints for investment decisions,
and the role of the state, both as a consumer and a producer of R&D. More im-
portantly, the sector-specific behavioral dynamics, for example wage-bargaining
processes, are missing from such models, which usually assume market-clearing
equilibrium conditions in the labor markets.
2.2. Ecological macro economics
The field of ecological economics starts with the premise that the plane-
tary boundaries need to be respected for any kind of economic development
(Rockstro¨m et al. 2009; Steffen et al. 2015), and that there are limits to growth
(Meadows et al. 1972) such that once certain tipping points are crossed, the con-
sequences will be non-reversible. The field is skeptical of the standard economic
models, especially the IAMs, which only rely on supply-side pricing (Spash 2012;
Rezai et al. 2013; Rezai and Stagl 2016) without discussing the role of institu-
tions that are central to overall societal transformations towards a low-carbon
economy (Pollitt et al. 2010; Scrieciu et al. 2013).
Within the field of ecological macroeconomics several modeling camps exist,
each proposing their own visions of society with their own choice of modeling
tools (Hardt and O’Neill 2017). View points range from “de–growth” (Victor
2012; Klitgaard and Krall 2012; Kallis et al. 2012), “a–growth” (Van den Bergh
2011; van den Bergh 2017), to more recent “post–growth” (Victor and Rosen-
bluth 2007) debates. The common feature within these different schools is their
criticism of mainstream economic models as the wrong tool to address climate
problems (Daly 1991; Victor and Rosenbluth 2007; Røpke 2016). The literature
broadly mentions technological change as one of the drivers of green transi-
tion (van den Bergh 2013; Cato 2012; OECD 2011; Scrieciu et al. 2013) but no
specific model exists even though some proposed solutions include increasing
savings rates (Rezai and Stagl 2016), and higher R&D investment (Bretschger
2005).
2.3. Post-Keynesian economics and ecological macro
The post-Keynesian framework is significantly different from mainstream
models in its assumptions, despite having growth and investment as central
themes. At the core of the post-Keynesian models are two key assumptions.
First, is fundamental uncertainty where future outcomes are unknown resulting
in adaptive expectations (as opposed to rational expectations in mainstream
models). As a consequence, agents update their behavior based on past expe-
riences, current market signals, and future expectations. Second, at the core
of post-Keynesian growth models is the argument that demand formation also
matters in the long-run thus post-Keynesian growth models have an indepen-
dent investment function. Therefore capital stock and employment levels, are in
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general, not at their optimal level to allow the economy the flexibility to adjust
to fluctuations (Robinson 1956; Kaldor 1957; Kalecki 1971). This is in contrast
to standard economic growth theory the investment function coincides with the
savings function in the long run and markets are always in equilibrium. Fur-
thermore the income distribution between the workers and the capitalists play
an important role and can give rise to wage-led or profit-led demand regimes
(Bhaduri and Marglin 1990). This is in contrast to mainstream models, where
income and wealth distribution across workers and capitalists are the result of
efficient market allocations.
As post-Keynesian growth models are demand-led, supply-side constraints
are usually not binding and technological change plays a secondary role in the
growth process (Fontana and Sawyer 2016). In most models, technology is in-
troduced as exogenous while some post-Keynesian studies use the Verdoorn’s
law (Verdoorn 1980), which states that the technological progress speeds up
if demand increases. This story compliments the post-Keynesian theory as
it ensures that the demand shocks shift aggregate demand as well as aggre-
gate supply (Kaldor 1957; Dutt 2006; Bhaduri 2006). Verdoorn’s law will arise
with learning-by-doing effects in a technology function or if there are increasing
returns-to-scale. More generally, post-Keynesian emphasize mechanisms that
give rise to path-dependent growth, which next to endogenous technical change,
includes endogenous institutional change and hysteresis effects on the labor mar-
kets as well (Setterfield 2011; Stockhammer 2011). Ecological post-Keynesian
models are fairly new with only a handful of models emerging in the last few
years (Hardt and O’Neill 2017) Within these studies, technological change is ei-
ther modeled as a constant (Victor 2008; Jackson 2009; Naqvi 2015; Berg et al.
2015) or as a decreasing function of time using the Verdoorn’s law (Fontana and
Sawyer 2013, 2016; Dafermos et al. 2017).
3. Model features
Figure 1 shows the key features of the model where the flows across the
sectors are highlighted as links. The model is set up using systems dynamics
in discrete time. The model is stock-flow consistent (SFC), to ensure that
all flows are fully accounted for across the different sectors of the economy –
Households, Firms, Banks, and the Government – to capture all (and potentially
negative) feed back loops that might arise from climate policies. The SFC
framework is done in spirit of the models summarized in Godley and Lavoie
(2007) and subsequently extended to study real-financial linkages with a focus
on understanding the role of financial regulations and constraints (Caverzasi
and Godin 2015). SFC models use a balance sheet approach using a quadruple-
entry accounting system across sectors, where every transaction affects the assets
and liabilities of two agent categories, or two categories within one agent set.
Therefore, by definition, all flows sum up to zero. The SFC approach provides
a strong framework to capture secondary effects of environmental policies, since
it allows feed back loops to fully balance out across all sectors of the economy.
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Figure 1: Model dynamics
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SFC models have also been extended to track material and emission flows,
to study real-financial-environmental linkages (Victor 2012; Jackson et al. 2015)
but usually treat technological change as constant or a linear function of time.
Since we assume that the R&D budget is a function of current private and public
investment decisions that need to be allocated across three inputs, trade-offs
exists in terms investment decisions and subsequently productivity gains. For
example, a higher R&D allocation towards the non-renewable Resource will take
investment away from Labor. Therefore an increase in Resource productivity
will a result in a lower-than-expected change in Labor productivity. This in
turn can affect costs structures, demand, and the overall output.
SFC models are represented by two accounts; a Balance Sheet, which high-
lights the net worth of the stock of assets at a specific point in time, and a
Transition Flow Matrix (TFM) representing monetary flows across sectors be-
tween two points in time. For the model, the Balance Sheet and the TFM are
given in Tables 1 and 2 respectively. The Balance Sheet (Table 1) shows the
stocks in the economy in terms of financial net worth. Households comprise of
worker and capitalists who mainly own deposits as a form of wealth. The firms
own capital stock and loan stock, and are assumed to have a positive net worth.
The banks own deposits as liabilities and loans as assets, and they are assumed
to have a zero net worth in this simplified version of the economy. Since the
government follows a medium-term balanced budget policy, its net worth is also
assumed to be zero, as opposed to debt-financing related instruments, for exam-
ple bonds, that typically represent the government’s balance sheet. Potential
future extensions to include these constraints are discussed in the conclusions
(5).
Table 1: Balance sheet
Workers Capitalists Firms Banks Government Total
Capital (K) +K +K
Deposits (V) +VW +V K −V 0
Loans (LN) −LN +LN 0
Net worth +NW +NK +NB 0 0 +N
The transition flow matrix (TFM) (Table 2) shows all the flows across and
within sectors such that the rows and columns always add up to zero. For
example, workers earn wage income, pay taxes, consume goods, and the adjust
the remaining money as bank deposits, resulting in a change in the stock of
wealth at the end of the year. Similarly, the first row highlights the demand by
households and the supply by firms of consumption goods, highlighting zero-sum
flows across the sectors.
Two additional features are introduced in Table 2; resource costs, and R&D.
Resources are assumed to be privately owned, where capitalists extract resource
rents after paying a resource tax. R&D expenditure is separated out from
investment decisions in the model to track how it evolves across various policy
experiments. R&D is produced by firms as part of overall GDP expenditure
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Table 2: Transition Flow Matrix (TFM)
Workers Capitalists Firms Banks Govt Total
Current Capital
Consumption −CW −CK +C 0
Government +G −G 0
Investment +I −I 0
R&D +R&D −R&DF −R&DG 0
Wages +WB −WB 0
Resource +R −RC +TR 0
Loan repay −LNt−1 +LNt−1 0
Profits +Π −ΠF −ΠB 0
Taxes −TW −TK −TF −TB +T 0
i Deposits +rdV
W
t−1 +rdV
K
t−1 −rdVt−1 0
i Loans −rlLNt−1 +rlLNt−1 0
∆ Deposits −∆VW −∆V K +∆V 0
∆ Loans +∆LN −∆LN 0
Total 0 0 0 0 0 0 0
and is funded by private firms’ investment decisions, and governments public
expenditure decision.
The key behavioral equations of the model for each sector are presented be-
low while the complete model is summarized in Appendix A. For the sake of
clarity, several notations are introduced here. The subscript t represent vari-
ables that are updated every point in time. Greek letters represent calibration
parameters, and initialization conditions are represented with a subscript 0.
Simulation runs are presented for a total of 50 years.
The economy is defined by the core GDP identity in nominal terms in equa-
tion 1:
Yt = Ct + It +Gt +R&Dt (1)
where output Yt at time t, equals household consumption Ct, investment It,
government expenditure Gt and research and development expenditure R&Dt.
From equation 1 real output can be calculated as yt = Yt/pt.
3.1. Firms
The firms in the model represent the general firm sector, producing all con-
sumption, and capital goods, including R&D. In order to produce the total
output, firms use a Leontief production function:
Yt = min[Lt,Kt, Rt] (2)
where the quantity of three complimentary inputs, Labor (L), Capital (K),
and non-renewable Resources (R) are determined by their respective productiv-
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ities such that the demand of each input equals:
Lt =
yt
Lt
,Kt =
yt
Kt
, Rt =
yt
Rt
(3)
where Lt , 
K
t , 
R
t are the endogenous productivity levels of Labor, Capital,
and Resources respectively. Each of three inputs follow different rules for cost
formation which are individually discussed below.
Labor costs
Average wages in the model are determined by past wage growth rates and
union bargaining processes to represent the institutional structures to replicate
rising wage rates in the EU. This is formally written as:
ω˙t = γ1ω˙t−1 + γ2(Ωt −WSt−1) (4)
Ωt = Ωt−1 + γ3(WSt−1 − Ωt−1) (5)
WSt =
WBt
Yt
(6)
Equation 4 gives the wage growth rate ω˙t is determined as a function of past
wage growth rate plus the difference between target wage share Ωt (eq. 5) and
current wage share WSt−1. The target wage share WSt (eq. 6) is endogenized
in the model to represent updating of expectations of the unions if the economy
is in a constant period of decline or growth. In case of a long period recession,
unions will over time lower their target wage share expectation, slowing down
the growth rate of wages in the long-run. This is consistent with social wage
norms where workers (or labor unions) get used to actual wages which can give
rise to labor market hysteresis (Skott 2006; Stockhammer 2011).
Resource costs
Resources are assumed to be owned by capitalist households and are one of
the three inputs for the production process. The firm’s demand for resources
(eq. 7), the price of resources (eq. 8), and the total resource bill (eq. 9) is
calculated as follows:
Rt =
yt
Rt
(7)
pRt = p¯
R(1 + τRt ) (8)
RBt = p
R
t Rt (9)
Like labor and capital resource productivity Rt determines the level of re-
sources required. We also assume that resources exist in abundance and have a
fixed base cost p¯R. On this cost, households pay a resource tax to the govern-
ment τRt such that the total resource bill RBt equals the resource demand times
the price where TRt is the tax collected by the government on resource use.
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Capital costs and investment
We use a highly simplified investment function, which has as its central
feature that investment is demand driven. Capital formation takes place through
investment decisions where the target capital stock KTt is determined by the
capital productivity level Kt :
kTt =
yt
Kt
(10)
Assuming capital depreciates at a rate δ, the current capital stock kt is
determined as the past capital stock adjusted for depreciation plus investment
it:
kt = kt−1(1− δ) + it (11)
The investment function is derived as:
it = γ4(k
T
t − kt−1) + δkt−1 (12)
where investment it (eq. 12) is a fraction of gap between the target capital
stock and the past capital stock plus adjustment for depreciation. This implies
that in equilibrium, firms will investment at least the depreciation value of
the capital stock to maintain its target level. A richer investment function
would include terms for autonomous investment, financial factors and income
distribution. However, as we wish to focus on the issue of directed technological
change, we keep the investment function minimalistic.
R&D and loans
Firms chose the level of R&D based on the level of investment. If investment
goes up, firm’s R&D expenditure also increases. To keep the model simple, R&D
expenditure is set as a constant fraction µ of investment such that:
R&DFt = µIt (13)
The total loan demand (LNt) is given as:
LNt = LNt−1(1− ρ) + It +R&DFt (14)
where ρ is the loan repayment rate.
Prices and profits
Firms use mark-up pricing over unit costs (Kalecki 1971) where the burden
of the tax is fully shifted on to the consumers. Unit costs are calculated as the
sum of the three input costs; the wage bill, the resource bill, plus the repayment
and interests of past loans, divided by the total real output.
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UCt =
WBt +RBt + (rl + ρ)LNt−1
yt
(15)
pt = pt−1 + γ5
(
UCt(1 + θ)(1 + τ
F
t )− pt−1
)
(16)
where θ is the mark-up value on costs and τFt is the general endogenous tax
rate (see equation 29 below) on the output produced in the economy. Prices
adjust slowly to changes in cost structures at a rate γ5 to reflect hysteresis in
markets.
This allows us to derive the profit function of the firm which simply equals
total output less taxes and input costs.
ΠF = Yt − TFt −WBt −RBt − (rl + ρ)LNt−1 (17)
The amount of tax is calculated is TFt = τ
F
t Yt where τ
F
t is the endogenous
sales tax defined in Eq. 29, that is used by the government to balance the
budget. Firm profits are fully redistributed to capitalists as income.
Research and Development (R&D)
R&D comes from two different sources; private firm expenditure R&DFt
(eq. 13) and public R&DGt (eq. 26) expenditure such that total expenditure
R&Dt = R&D
F
t +R&D
G
t .
The firm can decide to invest in R&D aimed at improving the productivity
of the three inputs which are determined by an autonomous expenditure plus
a changes in prices that can spur higher investment. This follows the Hicks-
directed technological change hypothesis (Hicks 1932) where the relatively more
expensive inputs see a higher investment share. The difference in this model is
that investment becomes a portfolio choice problem since finances are limited
by the available R&D budget. Investment share in each of the three inputs can
be written as:
R&DLtR&DKt
R&DRt
 =
λ1Gλ2G
λ3G
R&DGt +
λ10λ20
λ30
+
λ11 λ12 λ13λ21 λ22 λ23
λ31 λ32 λ33
ω˙tr˙lt
p˙Rt
R&DFt
(18)
where ω˙t, r˙lt, p˙
R
t are the respective growth rates of prices of Labor, Capital,
and Resources costs.
The above portfolio choice problem is subject to Tobin’s (Tobin 1982) adding
up constraints such that horizontal summation of the first and second columns
must add up to one, for example, λ10+λ20+λ30 = 1, and the rows and columns
of the 3 × 3 matrix must add up to zero, for example λ11 + λ21 + λ31 = 0 and
λ11 + λ12 + λ13 = 0.
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Assuming that i represents the three inputs such that i = L,K,R, the above
formulation can be simplified as share of investment in each factor input as
φit =
R&Dit
R&Dt
(19)
For this system if two factor share are known, the third can be derived as a
residual, for example φKt = 1− φLt − φRt .
The result of R&D expenditure allocation on each factor input is a resource
productivity growth which is calculated as follows:
it = 
i
t−1 + γ6(
iT
t − it−1) (20)
where iTt is the target productivity growth estimated as function of relative
investment in resource i times the level of effect of R&D investment relative to
the GDP. This can be formalized as:
iTt =Max
[
it−1, γ7
i
t−1(1 + φ
i
t)
(
1 +
R&Dt
Yt
)]
(21)
Equation 21 implies that the target productivity level is determined by price
market signals and the total level of R&D investment in the economy. There-
fore, if market signals force the productivity investment above previous years
productivity level, then there is a productivity gain in input i otherwise, pro-
ductivity levels stay at previous years’ level. The main assumption here is that
productivity gains are assumed non-reversible.
3.2. Households
Households are split into workers (W ) and capitalists (K), such that j =
W,K. Workers earn wage income (WBt) from firms and capitalists earn profit
income (Πt) from firms and banks, plus rents from selling the non-renewable
resource (see TFM). Both household agents hold deposits on which they also
earn interest income. Disposable income after taxes is used for consumption
and what is left is added to the banks as savings. Assuming Incjt is the generic
symbol for income for household j at time t, households’ decisions can be sum-
marized as follows:
Y Djt = (Inc
j
t + rdV
j
t−1)(1− τ j) (22)
Cjt = α
j
1Y D
j
t + α
j
2V
j
t−1 (23)
V jt = V
j
t−1 + Y D
j
t − Cjt (24)
Our consumption function is thus relatively standard in that there are uni-
form marginal propensities to consume for recipients of wages and profits. In-
come distribution thus will not play a role on the demand side of the economy.
This assumption is made in order to highlight the supply-side effects of changes
in distribution through directed technological change.
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The household framework can be extended to include a more rigorous in-
vestment decision where they allocation their savings to investment in assets
(capital goods), or other financial instruments. The model can also be extended
to study the effects of the functional income distribution across workers and
capitalists and to better understand wage-led versus profit-led demand regimes
(Bhaduri 2006).
3.3. Banks
Commercial banks are modeled as a passive entity in the model to avoid
complicating the dynamics of the model. Banks earn income through interest
earnings from loans and bonds less interest paid out to household on deposits.
Banks profits are derived as the difference of interest earnings and payments
less taxes on profits τB :
ΠBt = rl,t−1LNt−1 − rd(VWt−1 + V Kt−1)(1− τB) (25)
which are passed onto capitalists as profit income. A fuller treatment of the
banking sector would allow for credit rationing and consider a more complex
range of financial assets. However, as our focus is on the effects of directed
technological change, we abstract from issues of financial stability and credit
cycles. The bank sector can be extended to incorporate behavioral rules like
target bank profitability, capital adequacy requirements, and differential interest
rates on brown versus green sectors (see for example Monasterolo and Raberto
2017).
3.4. Government
In the model, the government subsumes the role of the central bank as well
in addition to performing its usual duties of collecting taxes, public spending,
and spending on R&D. If the government has a deficit, it adjusts the sales tax
to balance the budget. The government’s R&D expenditure is set as a fraction
ψ of past output such that:
R&DGt = R&D
G
t−1 + γ8(ψYt−1 −R&DGt−1) (26)
allowing public R&D to be endogenously tied to past GDP performance.
Thus in a recession R&D expenditure will fall in level terms, even if the govern-
ment maintains a target spending ratio.
The government is assumed to have a minimum base expenditure g¯ plus a
variable pro-cyclical expenditure gvart which is formalized as:
gvart = g
var
t−1 + γ9(ξyt−1 − gvart−1) (27)
such that the variable expenditure updates relative to the past year’s output
at a rate γ9 assuming some frictions in the adjustment process. Total govern-
ment expenditure equals gt = g¯ + g
var
t which in nominal terms can be written
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as Gt = gtpt. The government balance can be derived as the difference between
expenditures and tax revenues:
Balt = Gt +R&D
G
t − TWt − TKt − TFt − TRt − TBt (28)
To balance the budget such that Balt = 0, the government endogenously
adjusts the general sales tax τFt such that
τFt = τ
F
t−1 + γ10
(
Balt − τFt−1
)
(29)
We restrict our analysis to a conservative setting, where government only
aims at balancing the budget through taxes and for example, does not issue
bonds or does deficit spending. While the model presented here could be ex-
tended to include these options to analyze different fiscal policy regimes, it will
considerably expand the balance sheet creating complex interactions that are
not relevant for the current purposes of the model.
3.5. Environment
The environment is modeled as Greenhouse Gas (GHG) emissions resulting
from the production process of output and extraction of resources. GHGs are
assumed to decay at a small rate Ψ such that the total accumulation in the
atmosphere equals:
GHGt = GHGt−1(1−Ψ) + yt +Rt
G
(30)
where G is the emissions-to-output ratio that we assume fixed in the model.
The emissions sector is kept relatively simple for illustrative purposes without
any feed back on the real economy. The model can be extended to include Nord-
haus (Nordhaus 1992) type environmental damage function that affect overall
output (see for example Dafermos et al. 2017 for an application in an SFC frame-
work), or emissions can be endogenized to affect labor or capital productivity
with possible extension of including endogenous environmental taxes linked to
emissions (Naqvi 2015).
4. Policy simulations
Three policy experiments are conducted in this paper. The first experiment
showcases the simulation dynamics by testing two scenarios, a large one-off wage
increase (Wage1 ) relative to a slow and continuous wage increase (Wage+), such
that both achieve the same level at the end of the simulation period. The aim
of the experiment is to illustrate how the model works and that it can generate
a growth path where technological progress is primarily labor saving. The next
two experiments show how the induced technological change can be used for
environmental policy. In the second experiment, the government uses market-
conform instruments by applying a resource tax, that is, the government uses
taxation to induce private firms to change their R&D behavior. We contrast a
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one-off increase in the non-renewable Resource tax (RTax1 ) and a gradual, but
continuous increase in the Resource tax rate (RTax+), such that both are equal
in the middle of the simulation period. In the third experiment, the government
autonomously increases the share of public R&D towards Resources. The im-
plication of this increase is tested on the rest of the economy specifically with
balanced budget and R&D spending targets constraints. The model is calibrated
using the parameter table in Appendix B to give the baseline Business-As-Usual
(BAU) scenario.
4.1. Experiment 1 – A wage increase
Figure 2 shows the increase in wages across the two wage scenarios; Wage1
with a one-of 1% increase in baseline wage rate versus Wage+ where the wage
rate increases slowly such that at the end of the simulation period, both wage
rates achieve the same level.
Figure 2: Experiment 1 - Two wage scenarios
The outcome of the two wage scenarios are summarized across various macro
indicators in Figure 3. An increase in wage rate (3c) increases income levels re-
sulting in an increase in overall GDP (3a) despite an increase in general price
levels (3d). Due to an increase in output, the emission levels also increase but at
a much smaller rate than the output gain (3b). As output increases, the govern-
ment slowly increases its expenditure and to balance its budget (3f) adjusts the
sales tax upwards as existing tax revenue falls short of covering the additional
expenditure (3e). Higher government spending results in a higher than that
target public R&D-to-GDP ratio of 1.5% (3h), which the government adjusts
by reducing the public R&D spending as a share of total public expenditure
(3g).
Figure 4 tracks the impact of these policies across the three inputs on pro-
ductivity levels, share in costs, and shares in R&D budgets.
Wage increases result in a rising share of labor costs in total firm expenditure
(4d) relative to the other two inputs. As a consequence, the labor share in R&D
increases (4g) resulting in labor productivity gains relative to the BAU scenario
(4g). This shift towards labor costs reduces the level of R&D allocation across
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Figure 3: Experiment 1 - Macro indicators
(a) GDP (b) Emissions
(c) Wage rate (d) Prices
(e) Sales Tax (f) Govt. Bal to GDP
(g) Public R&D to Govt. exp (h) Public R&D to GDP
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Figure 4: Experiment 1 - Inputs
(a) Labor productivity (b) Capital productivity (c) Resource productivity
(d) Labor share in costs (e) Capital share in costs (f) Resource share in costs
(g) Labor share in R&D (h) Capital share in R&D (i) Resource share in R&D
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the other two inputs – Capital and Resources – resulting in lower productivity
gains relative to the BAU scenario.
These results highlight two very different development paths across the two
wage scenarios. A one-off increase in the wage rate in Wage1 results in a
demand-led increase in output relative to the BAU (3a). As existing tax levels do
not fully cover the new government spending, the sales tax is adjusted upwards
to balance the budget. In the second Wage+ scenario, where wages are slowly
increased over time, the results show a different direction of development. There
is little deviation from the BAU scenario allowing the economy to adjust to
changes in the updated wage level. The result of this is higher tax collection
in the medium run, allowing government to maintain higher spending levels
including public R&D without affecting the general sales tax rates in the short-
run. As the labor share in costs continues to rise, it becomes the primary source
of investment for R&D expenditure. Additionally, in the Wage+ scenario, slow
wage increase manages to direct the technological change towards labor allowing
labor productivity to increase continuously, eventually taking over Wage1 level
(3a).
This result is in line with mainstream literature of directed technological
change. However, the simulation results here highlight how R&D budgets de-
velop and how budget constraints can force firms to focus more on one input,
especially it the costs of the input continues to rise. The result also highlights
the role of sudden shocks to the economic system versus policies that are in-
troduced over a longer time horizon. The simulation highlights that if there is
hysteresis and lags in the adjustment process, economies are better-off with a
soft introduction of policy changes to allow the economy to be slowly directed
towards a desired policy outcome since the a one-off policy shock might not show
the desired outcomes in the long-run due to adjustments in budget allocations
in the economy.
4.2. Experiment 2 – A Resource tax increase
The second experiment increases the resource tax using two scenarios; RTax1
which results in a one-off increase in the resource tax while in RTax+, the tax
is slowly, but continuously increased such that it equals RTax1 at the 25 year
mark. The tax rates are summarized in Figure 5.
Figure 6 shows the set of key indicators for the second experiment. On the
one hand, taxes on the whole have little impact on the GDP growth (6a) which
increases slightly over the BAU scenario. On the other hand, the manage to
reduce the emissions (6b) through productivity gains where the second scenario
of RTax+ shows the highest reduction in emissions and the highest gain in GDP.
The adjustment in the resource tax creates additional income for the gov-
ernment which adjusts its sales tax downwards (6e) to balance the budget (6f).
Furthermore, an increase in the overall GDP, increases the government spend-
ing, which reduces its share of public R&D (6g) as part of its expenditure to
achieve the target ratio of 1.5% (6h).
Figure 6 shows two very different sales tax adjustment patterns (6e). In
the one-off resource tax increase (RTax1 ), a sudden spike in the resource tax
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Figure 5: Experiment 2 - Two Resource tax scenarios
creates additional tax revenue for the government resulting in a dip in the sales
tax. As the sudden price increase results in productivity gains, the resource
tax related revenue streams decline, the sales tax is again adjusted upwards to
balance the economy, where it equals the BAU level at the end of the simulation
period. In contrast, a slow increase in the resource tax, constantly creates
additional revenue streams for the government, which is counter-balanced by
constantly declining sales tax (6f). Therefore RTax+, permanently shifts the
revenue stream from the general sales tax, to the resource tax, easing off the
pressure on price formation and allowing allowing wages to rise above the RTax1
scenario resulting in higher GDP output. Both the experiments have different
impacts on the R&D investment decisions across the three inputs, which are
summarized in Figure 7.
A one-off resource tax (RTax1 ) increase leads to a sudden boost in share of
resource costs (7f) resulting in a large resource productivity gain (7c). Contrary
to this, a continuous increase in the resource tax in (RTax+) shows a continuous
increase in the share of resource costs. As the price of the non-renewable resource
continues to rise (7f), R&D investment in resources keep rising as well (7i)
resulting in continuously rising productivity gains that eventually overtake the
productivity gains from a one-off tax increase (7c). Furthermore, the RTax1
scenario only shows a level change caused by a one-off shock, implying that
changes in productivity gains fall back to the BAU level, as the resource share
in costs also converge to BAU levels. Since the R&D budget is limited, the
trade-off with the constant increase in resource R&D allocation in the RTax+
scenario, is a constant reduction of labor share in R&D, and firm costs, resulting
in a slow down of labor productivity growth.
This experiment highlights the importance of a constantly increasing re-
source tax as opposed to a one-off increase. A one-off increase causes a level
change, resulting in a one-off productivity increase. As the economy adjusts, the
share of labor costs starts rising at the same rate at the BAU, resulting in R&D
being shifted back to investment in labor saving technologies (7g). In contrast,
the slowly increasing resource tax, constantly pushes the R&D resources away
from labor by persistently keeping the share of resource costs high ((7f)), forcing
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Figure 6: Experiment 2 - Macro indicators
(a) GDP (b) Emissions
(c) Wage rate (d) Prices
(e) Sales Tax (f) Govt. Bal to GDP
(g) Public R&D to Govt. exp (h) Public R&D to GDP
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Figure 7: Experiment 2 - Inputs
(a) Labor productivity (b) Capital productivity (c) Resource productivity
(d) Labor share in costs (e) Capital share in costs (f) Resource share in costs
(g) Labor share in R&D (h) Capital share in R&D (i) Resource share in R&D
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R&D expenditure to also increase (7f) resulting in high productivity gains (7c).
This experiment highlights a crucial policy outcome of this paper, that is, in
order to have successful environmental policies, a long-term sustained taxation
of “brown” goods will result in a better outcomes than one-off policy shocks
usually prescribed by standard models. Mainstream models suggest a one-off
policy change to correct price signals which allow for smooth green transition in
the long-run. While such policy prescriptions might hold true in the absence of
market frictions, but the hysteresis caused by institutional settings, for example
wage bargaining processes, creates a path-dependency that can only be corrected
through long-term sustained policies.
4.3. Experiment 3 – Increase in public R&D expenditure
In the third experiment the government tries to influence resource pro-
ductivity directly via spending on R&D, rather than using taxes as an in-
struments to motivate firms to change their R&D composition. The govern-
ment increases its share of R&D expenditure on non-renewable Resource (λ3G)
from 33% (λ1G = 0.33, λ2G = 0.33, λ3G = 0.33) in the BAU scenario to
66% (λ1G = 0.16, λ2G = 0.16, λ3G = 0.66) in the R&D1 scenario to 100%
(λ1G = 0, λ2G = 0, λ3G = 1) in the R&D2 scenario. The aim of this experiment
is to see how the economy responds to changes in government R&D allocation
while fulfilling two core constraints; maintaining the balanced budget through
sales tax adjustment, and maintaining the public R&D-to-GDP expenditure
ratio. Figure 8 summarizes the results of the two scenarios.
Figure 8a shows an increase in output and a reduction in emissions (8b),
an expected outcome driven by productivity gains from higher investment in
resource costs. Price levels remain relatively stable across the two scenarios
relative to BAU (8d). An expanding economy allows some the sales tax to
be relaxed (8e) due to additional revenues, also allowing the government to
increase the public R&D budget (8g). The impact of higher resource-targeted
public R&D expenditure on the three inputs is discussed in Figure 9.
An exogenous allocation to higher Resource R&D (9i) significantly increases
resource productivity (9c) resulting in a decline in the resource share in total
costs (9f). As a consequence, the labor costs rise (9d) with productivity gains
lower than the BAU level (9a). Despite the trade-offs between labor and re-
source, the net-effect is a slight increase in output implying that by directing
R&D towards resource productivity through public expenditure, the net effect
can still result in minimal impact on the economy while improving the overall
resource efficiency resulting in lower emissions as well.
The aim of this experiment is to illustrate how an exogenous allocation of
“green” public R&D can create a net positive effect by reducing the overall cost
structures in the economy. This can result from higher output coupled with a
slow down of wage increase and lower taxes, despite lower-than-expected labor
productivity gains.
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Figure 8: Experiment 3 - Macro indicators
(a) GDP (b) Emissions
(c) Wage rate (d) Prices
(e) Sales Tax (f) Govt. Bal to GDP
(g) Public R&D to Govt. exp (h) Public R&D to GDP
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Figure 9: Experiment 3 - Inputs
(a) Labor productivity (b) Capital productivity (c) Resource productivity
(d) Labor share in costs (e) Capital share in costs (f) Resource share in costs
(g) Labor share in R&D (h) Capital share in R&D (i) Resource share in R&D
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5. Conclusions
After the 2008 financial crisis, a key challenge has been the issue of over-
coming the deep recession while also tackling climate change problems notably
non-renewable Resource use and emissions. A recent proposed strategy to ad-
dress this problem is green investment and innovation both in the private and
the public sector through R&D funds (OECD 2015). Firms invest in innovation
to save costs, improve efficiency, increase competitiveness and increase profit
margins. The state wants to maximize social welfare by minimizing environ-
mental externalities. It can achieve this through two channels, either regulating
the markets of inputs, or investing itself in R&D technology. Endogenous growth
theory uses the directed technological change hypothesis and suggests that the
inputs which experience a relatively higher change in costs, will see higher in-
novation investment. This explains the continuously rising labor productivity
levels, partially driven by rising wage costs. While mainstream endogenous
growth theories have contributed significantly to the understanding of direction
and causes of technological change, they lack a three core aspects of an actual
economy: the role of investment across competing inputs, budget constraints es-
pecially in R&D investment, and the role of the state as a key player in achieving
climate policy scenarios especially in the long-run.
To address these shortcomings, this paper presents a post-Keynesian ecologi-
cal macro model with endogenous technological change. It takes the mainstream
directed technological change framework and incorporates it in stock-flow con-
sistent (SFC) framework with detailed multi-sector accounts. It addresses the
issues raised by the ecological economics literature on the role of reduced re-
source use and emissions. A baseline experiment of different wage rate schemes
showcases the institutional wage bargaining processes that keeps the wage rates
high. Two environmental experiments are conducted. The first compares a one-
off resource tax increase with a continuous resource tax increase such that both
end up at the same level in the middle of the simulation period. This experi-
ment shows how a continuously increasing resource tax is better suited to shift
technological process to increase resource productivity and shift technological
progress away from labor-saving R&D investment. The core reason behind this
outcome are institutional settings, and hysteresis in wage development, that
can shift resource back to labor after the economy adjusts for a one-off policy
shock on non-renewable resource use. In the second experiment, the govern-
ment increases the share of resource specific R&D. The aim of this experiment
is to highlight, how directing R&D towards green investment, can still result in
higher growth while also satisfying balance sheet constraints, such as a balanced
budget policy and target public R&D-to-GDP expenditure ratio.
This paper contributes to recently emerging ecological macroeconomic the-
ory where the role of R&D expenditure, and induced innovation is incorporated
in a multi-sector model with full tracked financial flows. While the behavioral
rules of induced innovation are borrowed from the mainstream literature, model
results show a different policy suggestion. While most of mainstream environ-
mental economics perceives of resource taxes as a static attempt to internalize
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external effects and then let markets do the adjustment, our approach regards
the resource tax as a dynamic instrument that is used to direct technological
innovation over a longer time horizon. Rather than getting the prices right,
we suggest a sustained long-term effort is needed by public institutions to di-
rect technological change towards a low-carbon transition. This can be achieved
through a mix of taxation policies coupled with R&D investment strategies such
that other important indicators of the economy, for example output, inequal-
ity, wage levels, are also fully tracked. Thus the interaction of different sectors
– Households, Firms, Banks, and the Government – together with the role of
finance cannot be excluded. All of these aspects are missing from standard
models that deal with climate change problems.
While this framework is theoretical in nature and highly stylized, the macro
framework presented in this paper naturally allows extension in several direc-
tions, all of which have potentially interesting impacts on green growth strate-
gies. First, the calibration of the model has primarily served didactic purposes.
Future research should use empirically grounded calibration. Second, a more
realistic model would include a more complex banking system, which allows for
credit rationing, overshooting on financial markets and debt cycles. SFC mod-
els are well suited for modeling such mechanisms and there exists a rich set of
literature of incorporate such dynamics (for example Minsky models (Nikolaidi
and Stockhammer 2018)). Third, rising inequality highlights the need to model
the economic impacts of changes in income and wealth distribution especially
across worker and capitalist classes. Our model can be extended to allow for
different consumption propensities and could be modified to incorporate wealth
inequality. Fourth, the model can be used to analyze impacts of changes of
different fiscal rules that can impact green investment strategies. Fifth, the
firm sector can be extended to include brown and green material and energy
firms, and the framework can be extended to a global North–South model where
trade, exchange rates, and different levels of productivities, and prices, allow for
a global economy to function with significant trade-off across the two regions.
Such a model can also be made comparable to the North–South extensions of
the IAMs, for example the RICE extension of the DICE model (Nordhaus 2010),
or the North–South extension of the endogenous technical change climate model
(Acemoglu et al. 2014).
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Appendix A. Full model description
The total output in the economy in real terms is defined as:
Yt = Ct + It +Gt +R&Dt (A.1)
yt =
Yt
pt
(A.2)
The complete model equations are defined below:
Appendix A.1. Firms
Labor costs
Lt =
yt
Lt
(A.3)
WBt = Ltωt (A.4)
WSt =
WBt
Yt
(A.5)
ω˙t = γ1ω˙t−1 + γ2(Ωt −WSt−1) (A.6)
Ωt = Ωt−1 + γ3(WSt−1 − Ωt−1) (A.7)
Capital costs and investment decisions
kTt =
yt
Kt
(A.8)
it = γ4(k
T
t − kt−1) + δkt−1 (A.9)
kt = kt−1(1− δ) + it (A.10)
Kt = ktpt (A.11)
It = itpt (A.12)
R&DFt = µIt (A.13)
LNt = LNt−1(1− ρ) + It +R&DFt (A.14)
r˙t =
rl,t−1 − rl,t−2
rl,t−1
(A.15)
Resource costs
Rt =
yt
Rt
(A.16)
pRt = p¯
R(1 + τR) (A.17)
RBt = p
R
t Rt (A.18)
p˙Rt =
pRt−1 − pRt−2
pRt−1
(A.19)
Pricing and profits
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UCt =
WBt +RBt + (rl + ρ)LNt−1
yt
(A.20)
pt = pt−1 + γ5
(
UCt(1 + θ)(1 + τ
F
t )− pt−1
)
(A.21)
ΠF = Yt − TFt −WBt −RBt − (rl + ρ)LNt−1 (A.22)
TFt = τ
F
t Yt (A.23)
Research and development (R&D)
R&Dt = R&D
F
t +R&D
G
t (A.24)
φLt =
R&DLt
R&Dt
= λ1GR&D
G
t + (λ10 + λ11ω˙t + λ12r˙lt+ λ13p˙
R
t )R&D
F
t
(A.25)
φRt =
R&DRt
R&Dt
= λ3GR&D
G
t + (λ30 + λ31ω˙t + λ32r˙lt+ λ33p˙
R
t )R&D
F
t
(A.26)
φKt = 1− φLt − φRt (A.27)
Lt = 
L
t−1 + γ6(
LT
t − Lt−1) (A.28)
Kt = 
K
t−1 + γ6(
KT
t − Kt−1) (A.29)
Rt = 
R
t−1 + γ6(
RT
t − Rt−1) (A.30)
LTt =Max
[
Lt−1, γ7
L
t−1(1 + φ
L
t )
(
1 +
R&Dt
yt
)]
(A.31)
KTt =Max
[
Kt−1, γ7
K
t−1(1 + φ
K
t )
(
1 +
R&Dt
yt
)]
(A.32)
RTt =Max
[
Rt−1, γ7
R
t−1(1 + φ
R
t )
(
1 +
R&Dt
yt
)]
(A.33)
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Appendix A.2. Households
Y DWt =WBt + rdV
W
t−1 − TWt (A.34)
Y DKt = Π
F
t +Π
B
t + (RCt − TRt ) + rdV Kt−1 − TKt (A.35)
TWt = τ
W (WBt + rdV
W
t−1) (A.36)
TKt = τ
K(ΠFt +Π
B
t + (RCt − TRt ) + rdV Kt−1) (A.37)
CWt = α
W
1 Y D
W
t−1 + α
W
2 V
W
t−1 (A.38)
CKt = α
K
1 Y D
K
t−1 + α
K
2 V
K
t−1 (A.39)
ct =
CWt + C
K
t
pt
(A.40)
VWt = V
W
t−1 + Y D
W
t − CWt (A.41)
V Kt = V
K
t−1 + Y D
K
t − CKt (A.42)
Appendix A.3. Banks
ΠBt = rlLNt−1 − rd(VWt−1 + V Kt−1)− TBt (A.43)
TBt = (rlLNt−1 − rd(VWt−1 + V Kt−1))τB (A.44)
Appendix A.4. Government
R&DGt = R&D
G
t−1 + γ8(ψYt−1 −R&DGt−1) (A.45)
gvart = (g
var
t−1 + γ9(ξyt−1 − gvart−1)) (A.46)
gt = g¯ + g
var
t (A.47)
Gt = gtpt (A.48)
Balt = Gt +R&D
G
t − TWt − TKt − TFt − TRt − TBt (A.49)
τFt = τ
F
t−1 + γ10
(
Balt − τFt−1
)
(A.50)
Appendix A.5. Environment
GHGt = GHGt−1(1−Ψ) + yt +Rt
G
(A.51)
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Appendix B. Parameters
Table B.3: Calibration parameters
Parameter Description Value
α1 MPC Income 0.75
α2 MPC Wealth 0.05
δ Depreciation rate 0.1
τW Income tax workers 0.2
τK Income tax capitalists 0.2
τR Resource tax 0.05
θ Markup costs 0.1
rl Interest on loans 0.02
rm Interest on deposits 0.01
ρ Loan repayment rate 0.05
µ Share of R&D in investment 0.25
ψ Government R&D as a share of GDP 0.015
ξ Government exp as a share of GDP 0.3
Ψ Decay of GHGs 0.01
G Output-to-emissions ratio 0.1
λ1G Public R&D investment in Labor 0.333
λ3G public R&D investment in Resource 0.333
λ10 Autonomous R&D investment in Labor 0.7
λ30 Autonomous R&D investment in Resource 0.15
λ11 Sensitivity of labor investment to Labor costs 0.05
λ12 Sensitivity of labor investment to Capital costs -0.025
λ13 Sensitivity of labor investment to Resource costs -0.025
λ31 Sensitivity of resource investment to Labor costs -0.025
λ32 Sensitivity of resource investment to Capital costs 0.05
λ33 Sensitivity of resource investment to Resource costs -0.025
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Table B.4: Adjustment parameters
Parameter Value Description Equation
γ1 0.01 Past wage growth Eq. 4
γ2 0.01 Wage target Eq. 4
γ3 0.001 Wage target updating Eq. 5
γ4 0.4 Rate of investment Eq. 12
γ5 0.2 Price adjustment Eq. 16
γ6 0.4 Productivity growth Eq. 20
γ7 0.001 Productivity target growth Eq. 21
γ8 0.8 Public R&D adjustment Eq. 26
γ9 0.2 Government spending adjustment Eq. 27
γ10 0.005 Sales tax adjustment Eq. 29
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